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ABSTRACT 


The present work deals with some aspects of two 
quadrant choppers for a dc separately excited motor. 

A two quadrant dc chopper, with an improved commu- 
tation scheme has been developed for realising the forward 
motoring and regenerative braking operation. This chopper 
circuit has been analysed, designed, fabricated and tested 
for its performance. Equations have also been derived for 
the calculation of the motor performance. Calculated 
results are compared with the experimental results. 

The next part of the thesis deals with the comparative 
study of three different schemes of dual chopper capable of 
providing positive current and voltage in either direction. 

Two types of loads have been considered - the one where current 
can be assumed ripple free and a dc separately excited motor. 
Both source and the load performance are critically examined. 
All the results are presented in terms of normalised variables,; 
so that they can be used for a dc separately excited motor 
of any specification. Boundaries between the continuous 
and the discontinuous conduction are drawn for all the 
three cases, to facilitate the design of filter inductance. 



NOMENCLATURE 


instantaneous value of load voltage, volts 

supply voltage, volts 

time period of switches, seconds 

on time of switches, seconds 

duty cycle of switches 

average value of load, voltage, volts 

rms value of output voltage, volts. 

source current, A 

on period of switches and S 2 for approach-2 
under motoring operation, sec. 
inductance of the motor armature, henery 
resistance of the motor armature, ohms 
instantaneous value of the armature current, A 
average value of the armature current, A 
hack emf, volts. 

minimum value of the armature current, A 

maximum value of the armature current, A 

armature time constant, sec 

T/t, normalised time period 

B/V, normalised hack emf 

torque constant 

hack emf constant 



*av(norm) 

I 

min (norm) 

■^maxCnorm) 

E 

c 

m 

c 

T 

av 


L 


c 


C 


60 


normalised value of I 

av 

normalised value of I . 

min 

normalised value of I 

max 

critical value of back emf, volts. 

normalised value of back emf • 
critical speed, rps 
average torque 

commutation circuit inductor, M 
commutation capacitor, F 
speed rps 



CHAPTER 1 


INTRODUCTION 

Two quadrant choppers capable of providing forward 
motoring and regenerative braking operation find application 
in main line traction, battery operated vehicles and 
high performance speed control systems. Saxena [7] 

has done a comparative study of dual choppers capable of 
providing forward motoring and regenerative braking operation. 
He has shown that two quadrant chopper with simultaneous 
control does not give discontinuous conduction, and thus 
offers advantages in terms of good speed regulation and 
fast transient response at all loads. In this thesis, a 
two quadrant chopper circuit with simultaneous control, to 
provide forward motoring and regenerative braking operation, 
has been developed. This chopper circuit utilises the 
commutation scheme proposed by Sriraghvan, Pradhan and 
Revankar [ 1 ] for a half bridge inverter. 

A two quadrant chopper capable. of giving positive 
current and voltage in either direction is suitable for 
regenerative braking of a.c. drive using current source 
inverter, regenerative magnetic power supplies and the 
forward motoring and reverse braking of d.c. separately 
excited motor in crane applications. Three control schemes 
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are compared for two types of loads (a) when load current 
is ripple free and (b) a d.c. motor load, The results are 
presented in terms of the normalised variables so that 
they can be used for any load. 

The new two quadrant chopper circuit with simult- 
aneous control is described in Chapter 2. It has been 
analysed and design equations have been derived. Motor 
performance equations have also been derived. It has been 
fabricated and tested with a. 3 h.p., 220V d.c. separately 
excited motor. Various theoretical deductions arc 
verified experimentally. 

In Chapter 3, three control approaches are described 
for the dual chopper capable of giving positive current 
and the voltage in either direction. The performances at 
the source and the load terminal have been compared for all 
the three approaches and two types of loads namely (a) a . 
highly inductive load and (b) a motor load, are considered. 

For the highly inductive load the comparison is 
done for source current ripple and output voltage ripple. 
For the motor load, comparison is based on the amount of 
armature current ripple, nature of torque, speed characteri- 
stics, zone of discontinuous conduction and the amount of 
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source current harmonics. Armature current ripple is a 
measure of derating of the motor. Zone of discontinuous 
conduction in the torque-speed characteristic is the 
indicator of motor performance at light loads. The amount 
of source current harmonics tells about interference with 
the nearby communication system and possibility of 
generation of beat frequency. Number of commutation cycles 
per output cycle is also considered as it gives an idea 
of the switching losses. The results are presented in the 
normalised variables. Boundaries between zones of continuous 
and discontinuous conduction have been drawn, to facilitate 
the design of a filter inductance. 



CHAPTER 2 


A TWO QUADRANT CHOPPER WITH AN IMPROVED 
COMMUTATION CIHCUIT 

2. 1 Introduction: 

A. dual chopper with an improved commutation and 
capable of giving positive voltage and current In either 
direction is described here. Such a chopper circuit can 
be used for control of dc motor during forward motoring 
and regeneration. Some of the commutation schemes proposed 
in the past have been compared in brief for reference. AJ.1 
the half bridge Inverters can be modified into a. dual 
chopper, giving positive voltage and current in either 
direction. The commutation schemes of . Mc-Murmy - 

Bedford inverter and McMurrey inverter are discussed 

in brief, in this context. The commutation scheme proposed 
by Sriraghvan, Pradhan and Revankar [l] incorporates merits 
of both the Mc-Murrey- Bedford inverter, employing 
common bus complimentary impulse commutation method and 
the Mc~Murr«y inverter employing auxiliary parallel 
current commutation method. This half bridge inverter 
circuit has been modified into a dual chopper. Analysis 
of this chopper circuit has been carried out in detail. 
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A dual chopper employing this commutation scheme has been 
designed for a 3 hp, 220V dc motor and its performance has 
been studied. 

2.2 Commonly used Commutation Schemes: 

Two commutation schemes for dual chopper, capable 
of giving first hand second quadrant of operation are 
discussed in Reference [2], Pirst, the type-1 current 
commutation scheme (Ref. Pig. 2.1(a)) uses separate commu- 
tation circuits for main thyristors and £ 2 * It has 
following drawbacks. 

a) large number of semiconductor switches, capacitors 
and inductors are employed resulting in higher cost. 

b) Commutation method involves losses due to use 
of resistances. 

d) Circuit demands that delay equal in length to the 

commutation interval must elapse between the end 

of the gating signal for one main thyristor and the 

beginning of the gating signal for the other. This 

obtainable 

is a constraint over the masimum/frequcncy „ > - . . 

Second scheme, the type-2 current commutation scheme 
or modified McMurroy circuit for (Ref. Pig. 2.1(b)) _ chopper^ 





So cost 


uses same 3^,0. and .,.R f ri/. for both «l and 
and commutation losses are reduced. 

Point. { c) mentioned in the case of first scheme 

are valid here also. 

Laha [5] proposed modifications in type-1 current 
commutation scheme (Pig. 2.1(c)). He used the same 
auxiliary parallel current commutation circuit for both T^ . 
aud Tg# Resistance used in iype-1 current commutation 
scheme [2] is not used in the circuit proposed by him. 
Connections shown are for the motoring operation. To change- 
over to reverse regeneration, connections A-P and B-Q are 
changed to A-Q and B-R. At the same time pulses are 
withdrawn from T^ and applied to T 2 after few chopping cycles 
Pulses to T^ are maintained as such. This scheme offers 
advantages in terms of reduction in cost, simplicity of the 
firing circuit and improvement in efficiency. But this 
scheme suffers from the drawback that there is no path for 
the overchange on the capacitor to discharge and thus for 
a high Q circuit specially ; indefinite change build-up on the 
capacitor takes place. However with a proper design this 
feature can be used with an advantage. 

The half bridge inverter circuits, can be modified 
into a dual chopper capable of providing forward motoring 
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and regeneration of a dc motor. McMurray- Bedford inverter 
( Pig. 2.1(d)) employing common bus complimentary- 
series voltage commutation, uses minimum number of semicon- 
ductor devices. But there is a problem of trapped energy 
in the commutation inductances, as a result efficiency is 
reduced and frequency of operation is limited. Inductor 
and L 2 are required to carry load current on continuous 
basis and therefore their current rating is high. 

McMurreiy inverter, using common bus auxiliary parallel 

current commutation as compared to McMurray Bedford inverter 

has higher efficiency and frequency of operation because 

of very low energy interchange between the commutation 

circuit and the dc source. It provides a local loop isolated 

from the dc bus for the impulse current in the commutation 

circuit. McMurrey inverter suffers from the disadvantage of 

piling up of the change on the capacitor. It also needs 

a special sequence for charging of capacitor. Modified 
commutation 

McMurrey/scheme has already been described as 'type-2 
commutation scheme' above. The commutation schemes 
discussed in Reference [ 2 ] also have advantage of low trap 
energy. The commutation loss can be further reduced by 
pumping back part of the excess energy in the commutation 
circuit to the dc supply. 
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The half bridge inverter proposed by Sriraghvan, 

Pradhan and Revankar [l] uses saturable inductors to 
support the dc bus voltage during the commutation and to 
reduce the trapped energy in the commutation circuits to 
a low value (Ref. Pig. 2.1(f)). It uses the thyristor T^ 
and as main as well as the commutation thyristor. It 
does not need any special sequence for charging of capacitor 
as required in the case of McMurrety inverter and commu- 
tation schemes discussed In reference [2] and [5]* Here 
this half bridge inverter has been modified into a dual 
chopper (Ref. Pig. 2.2 ) 4 

2.3 The Developed Chopper Circuit 2 

Thyristor T^ and T 2 act both as main as well as commut- 
ation thyristors. T^ is fired to turn off T 2 and vice versa. 
L c and C form the commutation circuit. The commutation capa- 
citor : ; C is always charged to dc voltage V prior to the 
beginning of any commutation. The 1-C resonant circuit 
generates an impulse commutating current for turning off 
Tj and T 2 . and D 2 are the commutation diodes. D^ and 

D^ are the feedback diodes. 

Lj and L 2 are saturable reactors which support the 
dc bus voltage during commutation and thus reduce the 
trapped energy in the commutation circuit. The saturable 
reactor in series with the conducting thyristor saturates 
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when carrying the load current and therefore offers 
negligible impedance during the major portion of the load 
current carrying interval. The other inductor in series 
with the nonconducting thyristor is unsaturated. When 
the blocking thyristor is fired, L^-C commutation circuit 
forms local loop through and T£. The unsaturated 
inductor blocks the dc voltage throughout the commutation 
interval and isolates the commutation circuit from 
the dc bus. 

The developed dual chopper is superior to the dual 

choppers discussed in reference [2] and [5] in terms of 
overall 

the/cost and simplicity of the firing circuit. Disconti- 
nuous conduction does not exist, and hence speed 
regulation is good and faster transient response is 
obtainable at all loads. This is suitable for a battery 
operated vehicle [5] and main line traction application. 

2.4 Analysis and Performance of the proposed Chopper: 

Following assumptions are made for the analysis of 
the proposed chopper circuit. 

1 . Diodes and thyristors are ideal switches. 

2. Length of the commutation interval is 
negligible in comparison to electrical time 
constant of the load, so load current during 
commutation interval is assumed constant. 
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FIG. 2.3. MODES OF OPERATION PRESENT IN THE PROPOSED CHOPPER 
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3. Chokes L 1 and offer high inductance (L m ) while 
unsaturated and low inductance (l g ) when saturated. 

4. Magnetic characteristic. is assumed to be linear under/ 
saturated and unsaturated conditions.. 

Assumed characteristic is shown in Fig. 2.4. 

Operation of the proposed circuit can be divided 
explicitly in the following modes. 


Mode-i : (0 < t < 6T) capacitor charges to voltage V. load 
current builds-up exponentially until commutation of 
thyristor is initiated. enters into saturation at 

low value of current and then has negligible (ideally zero) 
impedance (Ref. Fig. 2.3(a)). 


dl .a 

dt 


V = (L + 1) + R i_ + E 


s at a 

with initial conditions i (o) = I 

3 . 1 

Solution of eqn. (2.1) is given by 

V F -V'C. -t/x 

ia= mE(,. e <) + I,e ' 

whereat ^ = time constant of equivalent circuit 


( 2 . 1 ) 


( 2 . 2 ) 


lg+L 


R 


Commutation interval 

Mode 2 : (0 < t*< t^) with t = t'+6T thyristor Tg is 
triggered to commutate thyristor T 1 off. This mode ends 
when current through thyristor reduces to zero. Equivalent 
circuit is shown in Fig. 
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I o It- + r.i c + v e 


(2.3) 


with initial conditions V (o) = V,± (o) 

c c 

i a (0) =I 2 


where r is the equivalent resistance of the loop formed 
by lp,T 1 and T 2 , and 


i 0 (t') = -v q 


(Oji/z e -^V'/ 2 « 


sin/^> o t ' 


(2.4) 


v c ( t ’ ) = V e 


- £0ut */2Q 


cos 60 Q t ' 


(2.5) 


JjJ~q » natural frequency of oscillation 


^o L c 

Q = — - — , quality factor of inductor I» c 


( 2 . 6 ) 


(2.7) 


In deriving equations (2.4) and (2.5), resistance r is 
assumed to be small. Thus the damped natural frequency 


( 2 . 8 ) 


and Q being very large 1 / 4Q can be assumed much smaller 
than unity. 


i t (t ’ ) » I 2 + i 2 (t* ) 


(2.9) 


where 


= (L +L ) t ’ 
m s 


( 2 . 10 ) 
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This, mode end© at time t = t,. So, 

1 

i c ( V = i 2 (t t ) 

This becomes a transcendental equation and can he solved 
by iterative methods. However if L m is large, i 2 <t )=0 and 
t t = 

Mode-3 : (Pig. 2.3(c)); When capacitor current equals to the 
load current. Bet current through T^ is zero. Since 
T^ prevents reversal of current through it, the mode ends 
at this time. 


Eqns. (2.4) and (2.5) are valid in this mode also 


with initial conditions i.(t.) = 0, V ft.) = -V. let 

Q ] C I 




then. 


v=t 2 *>*2 


t 0 = sin” 1 ( 


where , 


c max(2) 


( 2.11 ) 


( 2 . 12 ) 


c max(2) 


V]fcj iT e“^® + ^ = 


If current through 1^ is also taken into account 


i c (V) 


= I + i 
t*=t 2 2 X 2 


V 


I 2 + I +1 u 2 
ms 


(2.13) 
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Mode. 4 (t 2 < t ' < l^) (Pig. 2.3(d)): When i c exceeds I 2 
difference (i c -I 2 ) flows through the diode v till ± Q falls 
to the value 1^. A small reverse voltage equal to diode 
drop, appears across the thyristor ‘T^ and provides the 
turn off time for its recovery, loop current in this mode 
flows through D 2 also, so both ^ and T 2 are reverse biased. 
This feature makes circuit self healing, in case, nonrepe. — 
titive misfiring occurs due to a wrong gate pulse or due 
to dv/dt triggering. Further it is possible to turn off 
both T and T 2 by withdrawing gate pulses from them during 
this mode. 


t c1 = circuit turn off time for thyristor 


or. 


b - h 


1 /(.O^ [ft - 2sin~ 1 ( 


c max(2) 


t , “ ■" "* COS (y 

01 W 0 1 


c max(2) 


) 


)] 


(2. 14) 


(2.15) 


W = V c 


'3 


Ye 


-l/2Q (2,, -^c t 2 ) roo s (^t 2 + U ainW 0 t 2 ] 


r l/2Q’(2TC-6^ 0 t 2 ) 


V * V' e~‘ ' v ‘- ,v o w 2' .cos W t, 

C •Jj} V Cm 


( 2 . 16 ) 

On taking i 2 also in to account, the circuit turn off time 
can be given as 
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2_ 

%JQ 


COS 


( X o + v VL s (3ix/2fL c C) 
VfC/L c 


(2.17) 


Mode, 5 ? (t^ < t 1 < t^) (Fig. 2.3(e)): R-C network across 
the pair keeps dv/dt in the permissible limit 

when the capacitor voltage suddenly appears across the 
pair at the start of this mode. Capacitor charges at a 
constant rate upto voltage V, when starts conducting. 

Initial conditions 


V-V , 

t 4 - t 3 = (— ~P~ ) . C 
i^(t^) = I2 + ^2^4^ 


( 2 . 18 ) 


( 2 . 19 ) 


i 2 (t 4 ) ~ L„+L 


V-V 


m s 


S + ~ 


22 ( VV 


in 


T t 2 -t 2 

f - 4. h 
{ 2 


( 2 . 20 ) 


Mode 6 :(t 4 < t* < t ? ) (Fig. 2.3(f)): Load current is 
transferred gradually to the freewh.ee3.ing diode D^. Capacitor 
current and the current through D 2 start decreasing. The 
capacitor charges to a voltage higher than V, thus reversing 
the voltage across L^ . The flux in L^ therefore starts 
decreasing. L^ enters into tie high impedance stable. This 
mode ends when the current through D 2 becomes zero. 
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Negligible width of the hysteresis loop and piecewise 

linear model for saturable reactor are the assumptions 

taken in the following analysis. It is assumed that 1^ has 

inductance L g upto the current zero and thereafter changes 

to un saturated value L . 

m 


Assuming 

i 2 (* 4 ) 

r% 8L?% X* ^ 2* 

c. m 

i_( t') 


(t'-t.) 

= I 0 cos 

4' 

c 

2 

V’(i s +L 0 )c 


= v + i 2 

lf(l s +L 0 )7c 


( 2 . 21 ) 


t’-t 




( 2 . 22 ) 

This mode ends when i c (t’) reduces to zero. So, 

V c (t 5 ) = v + I 2 VCLg+I^J/c" 

and , 


overshoot AV = /U^lJTo (2.23) 

Hence, in order to limit the overshoot voltage &V t 
it is essential to keep L g and I a3 small as possible and 
C as high as possible. 

Mode 7 (t 5 < t' < t^) (Fig. 2.3(g)) : T 2 is getting 
sustained pulses, as soon as D 2 blocks, it starts 
conducting. The capacitor voltege is decreasing and 
reverse current through is increasing gradually. 
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The shifting of the flux point beyond the retentivity 
point in the negative direction takes place in this 
mode. As enters into the nonlinear range in the 
negative current direction, the capacitor voltage starts 
decreasing relatively fast. Thus the capacitor voltage 
ringing helps flux resetting in the saturable chokes, which 
would otherwise require airgaps in the construction of 
the core. Capacitor current in this mode can be written 
as follows. 

i c (v) = -AV /o/(I c+ L ) Sin (2.24) 

/(vv c 


V c (t') 


= V +AV. cos 


(t »~t 5 ) 

VTlI+ljo 

' m c 


( 2 . 25 ) 


This mode ends when i^ reduces to zero. Assuming 
i to be negligible this corresponds to i reducing to 

ci C 

zero. So 

v c (t 6 ) « V - feV ( 2 . 26 ) 


At this instant mode-6 takes place again. Depending 
upon the circuit losses, modes 6 and 7 repeat alternately. 
However, since the half period it/(X^+L c )C of capacitor 
ringing is large, the other circuit conditions like 
reversal of current or turning on of thyristor T^ will 
make the mode change within one or two cycles of ringing. 
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It is clear from the equivalent circuits of mode 
6 and 7 that the load voltage is free from any overshoot 
because of diode though the ringing capacitor voltage 
appears across the thyristor . 

It is necessary that is unsaturated before the 
load current reversal through L 2 takes place. Otherwise 
when T 1 is triggered to commutate I 2 off, a dead short 
circuit will take place across the supply. For the 
flux to reset to zero value, the negative volt seconds 
absorbed during the resetting period should be greater 
than the volt -seconds absorbed by the commutation choke 
during 2-5. The voltage across 1^ remain negative for the 
duration %/2fJli~fL c )G plus (t^-t^). Since t,--t^ is very 
small in comparison to 

HI C 


hV 


. — 2L — r-y > V 2itVL^C 

2 tu m +L c )°) 4 


(2.27) 




> V 


2% fLZTc 

C 


Since L m » I c 


r -,1/2 ££ 

L r r . J * T . 


1 .C 
c 


K _ ZM > (41 )2 { — C — ) 

'■I, \L +L/ 
c 2 sc 


( 2 . 28 ) 
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Eqiu (2.28) indicates that a large value of E is desirable. 
This however increases recovery time and is a constraint 
over high frequency operation. 


Mode 8 (t iv +6T < t < t ? +6T)(Fig. 2.3(h)): T 2 is already 
getting pulses, as soon as the load current reverses T 2 
takes over. Initially L 2 offers high inductance but soon 
it goes into saturation. Steady state condition for this 
mode will be represented by the following eqns. This mode 
continues, until T^ is triggered to initiate the 
commutation of T 2 

di 

0 = (L s + I) + R i a + E (2.29) 

initial conditions 


= 0 


So, 


X = 

a 


JL 

R 


■( 1 - e 




(2.30) 


If L 2 is ideal then load voltage will remain zero in 


this mode also, 


Mode 9 (0 < t"£ t Q ) with t M = t-(t^+6T) (Fig. 2.3(i)): This 
mode ends when i^ reduces to zero. 

initial conditions 

V c (o) = V,i c (o) = 0 


This mode can be analysed in -the same way as mode 2. 
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Mode |Q (tg < t M < tg) (Pig. 2.3(j)): This mode ends when 
capacitor current equals to load current and thus current 
through T2 is zero. 

Mode 1 1 (tg < t" < t lQ ) (Pig. 2.3(h): In this mode, T,, is 

kept reverse biased. t c2 , circuit turn off time for T 2 

can be obtained by replacing I 2 by 1^ in eqn. (2,17). Points 

mentioned in mode 4 hold good here also. Capacitor voltage 

at the end of this mode is obtained from the modified version 
of 

,/eqns. (2.12) and (2.1 6 ), which are obtained by replacing 
I 2 by I . 

Mode 12 (t-jQ < t"< t ) ^Pig, 2.3(1): Capacitor is charged 
to voltage V by a constant current. The duration of 

this mode will depend upon the load current which is 
assumed constant . here and the initial voltage of the 
capacitor. An equation similar to (2.18) can be written 
for the duration of this mode. 

A R-C network across T 2 - EX, pair keeps dv/dt within 
the permissible limits when the capacitor voltage suddenly 
appears across the pair. 

Mode 13 (T t1 < t" < t l2 ) (Fig. 2.3(m)); As soon as the 
capacitor charges to voltage V, D^ gets forward biased and 
starts conducting. Due to inductance present in the loop 
current transfer from D to D^ is not instantaneous. 
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Meanwhile the capacitor charges to an extra voltage 
Similar to eqn. (2.23) the following eqn. can be obtained 
for this case 

overshoot dv j = I ^(I^+Lj/C (2.31) 

ll2il£ — lit ^^2 — — ^13^ ^ Fig* 2.3(n))s Uow the current 

through the commutation circuit reverses. This current 
reversal helps in the flux resetting process of which 
has already started in mode 13 when 1> 2 starts getting 
reverse biased. All the points mentioned in mode 7 can be 
similarly interpreted as per the circuit conditions in this 
mode. At the end of this mode charge on the capacitor 
remains V- 4.V, so mode 13 starts again. 

Depending upon the circuit losses, mode 13 and 14 
repeat alternately. Since time period of ringing is large, 
it continues until either reversal of current takes place 
or T^ is triggered to commutate T^ off. 

Voltage and current waveforms for different devices 
and the load are shown in Fig. 2.5. The waveforms are not 
drawn to the scale. The commutation interval has been 
expanded for the sake of clarity. 

Minimum on time of the chopper and thyristors : Thyristor 
works as main as well as the commutation thyristor ? so 
minimum on time will be decided by the commutation interval 

The commutation interval 


duration 
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of thyristor , spans over mode 2 to mode 5. If we 
trigger again at this moment there will he high di/dt 
in the commutation circuit. So it is preferred not to 
turn on device T again before the end of mode-6. Of course 
there will he some extra voltage on the capacitor hut 
that will die out through ringing. 

So , 

Minimum on time of the device 

1 

=s duration of mode 2 io mode 6 

"uT Q £ 211-sin"* 1 (^)J .c + !vTx7^xTT7g 

= fi\ 7cj [2n~sin~ 1 (1)] + ^ [1 - cos^ 

2 

sin -1 (£)}]+ | /( V I B ).-C (2.32) 

where x = I c max(2) /l 2 

As the operation of the circuit is symmetrical, result of 
eqn. (2.32) holds good for T 2 also. Second term in eqn. 
(2.32) will he maximum for the lowest value of current. 
Maximum value of this term will he taken to calculate 
maximum on time. 

For practical chopper minimum on time is calculated 
to he approximately 326.875 psee. 
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Maximum frequency of operation : There are two such 
commutation intervals in one time period. So, 

Minimum time period = 2* minimum on time of device 

For practical chopper maximum frequency of operation 1.5 KHz. 

Minimum voltage obtainable ; Voltage waveform is not completely 
rectangular, so even when 5=0, voltage is not zero. 

V r 1 , —I i ( V-V ( t ) ) 

Minimum average voltage = 7s [f-~ (2x~sin (•*•) + — — — 3 — 

X iO 0 X d 

V+7 (t ) 

(t 3 -t 2 ) + ( f-UL.) (t n -t 10 ) J (2.33) 

For practical chopper minimum obtainable voltage is 
found 7.5 percent of input voltage from eqn. (2.53). 

2.5 Design Criteria: 

2 . 5 « 1 Commutation circuit components : 

Circuit turn off time provided in this chopper using 
parallel current commutation scheme is given by eqn. (2.1 5). 

For a high Q , commutation resonant circuit I c max (2) = I c max 
so, eqn. (2.15) can be rewritten as 

t cos-’ <4^“ ) . (2-34) 

c c -max 

Operations of T and T 2 are identical. A current .through 

T will be maximum when t = T in first quad, while it will 
1 011 
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be maximum through T 2 at t Qn =0 in second quadrant. So 
the same values of L c and C will be appropriate for and 
T 2 . Following are the factors which should be considered 
at the' time of deciding values of L and C. 

(a) 1 < x < 3 , where x = - — — — . tfc/h 

X c 


(b) circuit turn off time > thyristor turn off time 

(c) voltage overshoot on the capacitor = I . ( c - 

To reduce this, C should be higher and L should be lower. 

V 

Rewriting (2.34) 




= 2 cos' 1 (i) = 
V( t +z3t ) 

- — - y, ^ 1 1 ,, 

" x.G-(x) .1 

v * max 


g(x) 


X.I . (t + -hit) 
max q 


TTgTxT 


(2.35) 

( 2 . 36 ) 


2.5.2 Saturable chokes 1^ and 


Following points should be taken into account, when 
designing Iij and L 2 . 


c 

1. Critical value of current should be less than ^•(^jTlrL 
30 that capacitor charging through , 1 2 and L c at the 

instant of switching on the chopper should take place fast 
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2 * I i and L 2 are required to block the dc voltage for 
approximately 2 tx/^ 3 0 seconds. There will be some current 
build up through them, but that should not drive them into 
saturation 

V 2it < . 

L m * A 3 0 1 critical 

where i cri tj_ cal is the current corresponding to the knee 
point of the magnetisation characteristic. 

3. Voltage overshoot on the capacitor is ^V = I 0 HlT+L^)/C. 

So as to reduce the 4 7, L should be as low as possible. 

s 

4. Overcharge on the capacitor forces a reverse current 
through the saturable reactor. This current should not 
drive choke into saturation in another direction. So peak 
value of sinusoidal current flowing through it in reverse 
direction i.e. I Q V (1 +l c )/L m should be less than i cri tical* 

2.6 Analysis of the performance of the Motor fed by the 
Developed Chopper: 

Following assumptions are taken in the analysis of the 
performance of the motor fed by the proposed chopper. 

(a) The saturable inductors offer very high inductance 
when unsaturated and zero inductance when saturated. Saturable 
reactors are assumed to go into saturation even for 
negligibly small current. 
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(t>5 All the semiconductor switches are ideal. 

(c) Commutation interval length is very small so its 
effect on the performance of the motor is neglected. 


(d) Output voltage wave is completely rectangular 
and is controlled by the duty cycle of thyristor T^ only, 

(e) Current is always continuous so the straight 
line approximation holds good. 


The load current waveform can be analysed considering 
the following three possible cases. As the current can 
have either polarity, so polarity of current in any specific 
interval or case is not mentioned separately. 

Case 1 (I > 0, I . < 0) : Depending upon the magnitude 

max mm 

of average current, operation is said to be in the first 
or the second quadrant. As shown in Fig. 2.6(a), there 
are four intervals present. Mesh eqns. for these intervals 
are written as follows. 


Interval- ! (0 < t < «<T) i Current is being fed back to the 
source through diode D^ . This mode comes to an end when 
the load current reverses. 


di 

V = L + R i + E 
dt a 


l e (0> - I min 


(2.37) 
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Solution of eqn. (2.37) is given as 


_ V~E 
'a ~ R 


( , - e -tA ) + ! 


■t/x 


mm 


( 2 . 38 ) 


Since i 


a 


t=<X.T 


where x = L/R 

0; a can be obtained from eqn. (2.38) as, 


I..R 

a = i In [t 3 


(2.39) 


Interval~2 (aT < t < 6T); Motor is being fed through 
thyristor and saturable choke L ^ . Resistance of the 
choke is taken into account. 


cH 


V = L + (R+Rj i + E 


dt 


r a 


( 2 . 40 ) 


i a (aT) = 0 


where R^ = resistance of this saturable choke. 
Solution of eqn. (2.40) is, 

4 t~aT)/x„ 


7-E 


'a ( R+R., ) 


( 1 -e 


where =E/(R+R^) 


Since, 


aj 


t=6t 


max 


So from eqn. (2,41 ) 

V-B 

■^max ~ Tr+r3JT 


(1 


•(6-a)l/x, 


(2.41) 


(2.42) 



2.36 


Interval-3 (6T < t £ yl); Load current freewheels through 
diode until it reduces to zero, 
di 

0 = L -rf + R 1 + E 

dt a 

i ( ST) = I 
a max 

Solution of eqn. (2*43) is obtained as 


(2.43) 


a 


Since i 


4- ( 1 - + I 

it max 


■(t-6I)A 


a 


(2.44) 


t=yT 


= 0 


So, 


y = 6 + | In ( 1+ ) 


E 


(2.45) 


I nterval-4 (yT < t <T) : Load current builds up in the 
reverse direction through the thyristor I 2 an<i ^ iie 


saturable inductor L 2 « 


di 


0 = L ~“r + (S+R.) , i + E 


dt 


1 ' * - a 


i a (yT) a= 0 


so, i can be written as, 


a 


i a = “* (R+R^7 ^ ® 


-( t~yI)A, 


±a ItssT = Imin 


-E , . 

( R+R~ J ^ " e 


■( i-y)tA, 


By straight line approximation, 

^ = & 4L + - y) + 


( 2 . 46 ) 


(2.47) 


( 2 . 48 ) 


(2.49) 



2.37 


Case 2 (I max > 0, I m ^ n >0) s It is a first quadrant opera- 
tion. (Fig. 2.6(b)). There will be only two interval in 
this case. 

Interval- 1 (0 < t <5T)s Current is fed through the 
thyristor T^ and saturable reactor. 

di 

V = 1 + (R+R ) i a + E (2.50) 

I 

i a (o) =I min 

on solving eqn. (2.50), one gets 


V-E / . 
1 a ~ ( R+R 1 ) 



) + I 


min 



(2.51) 


Interval-2 (6T<t<!E); In this interval load current 
freewheels through diode D^. 


di 


0 


-rfr + R i + E 
dt a 

i a (6T) 


"max 


( 2 . 52 ) 




"a 


1 (1-e~ (t ~ 6T ^ T ) + 1 e ~( t-6T)/v (2.53) 

R v 1 max 


= 6i = I max and i a | = W «»• <*» 
from eqn. (2.51 ) and eqn. (2.5 p) 

„ - -6TA p 

— C (t-e 1 2 ) 

-(1-6)T/tx (R+ V 


‘max 


( 1-e 


-6T ft. 


) 


E 

R 


( 1 -e" 


.(1-6)TA )e - 6TA 2 j 


(2.54) 
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and 


"min ~ ~6 T/t“ , , 

o-e 2 e - (, -°^/ T ) 


[-#0-e 


- ( t ~S ) T/t 


R 


V~E 


e e-t'-W* ] 


+ Tr+r^T (1 ~' 

Taking the straight line approximation. 


) 


(2.55) 


I av = 2 ^max + I min^ 


( 2 . 56 ) 


Qase. l (l ma .. < 0, I min <£) • It is a second quadrant 
operation. The load current waveform for this case is 
shown in Eig. 2.6(c). Mesh eqns. for the two intervals 
present in this case, are given "below. 


Interval ~1 (0 < t < 6T) The current is fed into the source 
through diode D^. 


di 

v = L “dl + R -V + E 


(2.57) 


^min 


On solving eqn. (2.57) 


i-^o --* t/x ) +i 

a R 


■t/i 


mxn 


( 2 . 58 ) 


Interval -2 (6T < t < T): load current builds up in 
reverse direction through the thyristor T 2 and saturable 
inductor Lg. 



2.39 


di 

0=1**^+ ( R+R ) i + E 

1 3. 


dt 

Erom eqn. (2.59) 

• _ E 

1 a “ (R+IjT 


(2.59) 


i (6T) = I 
a max 


-r(t'»6T)/‘r 9 
(1-e ^ 


-( t-6T)/tp 

) +1 e d 

max 


( 2 . 60 ) 


Since i 


a 


t=6T "’’max and a a 


= I . , so from eqns. 
mill 


t=T 


(2.58) and (2.60), one can write 


1 


max ” -( 1 ~6)j/t 

( 1-e 


[I=S ( , _■ 

2 _ e -6T/x } R 


( t _e- (, -a)TA 2) 8 . 6tAJ 


-6T/tn E 

) - 


(2.61) 


and 


'mm 


(1-e 


li-aW 


2 . ) 


[*? O-e^A) 


-(1-6) TA^^E_( 1 ^e“’ (l “ 0)T/T 2 

R+R. 1 1 e 


)] 


( 2 . 62 ) 


Taking the straight line approximation, 
from eqns. (2.56), (2.6l) and (2.62). 


I can he calculated 
a.v 


Torque and speed for different values of on time of 
thyristor Tj can be obtained with the help of the following 


eqns 
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Torque = *r = 
av 

and 

Speed = cO = 

V 

Flow charl: for the computation of speed and torque is given 
in Fig- 2.7. Current and back emf afterwards put in pu 
form, taking rated current of motor as the base current and 
input voltage, a3 the base voltage. Fow eqns. (2.63) and 
(2.64) can be used to obtain pu torque and speed respectively. 

2.7 Experimental Verification; 

Keeping in view all the considerations for the design 
of different circuit components, given in the previous 
section, efforts were made to reach an optimum design. Ratings 
of the power circuit components and values of and 1 2 » 
commutation inductor L and capacitor C ere mentioned in 
Appendix B, Though chopper was operated satisfactorily 
in frequency range of 200 Hz to 600 Hz, all the results 
mentioned here are for 400 Hz frequency of operation. 

2.7.1 Firing circuit ; 

Firing circuit is very simple for this chopper. Two 
complimentary continuous pulse trains for and T 2 are 
required. This is obtained by the firing circuit shown in 
Fig. 2.8. UJT 212646 is used as the variable frequency 


* !av 


(2.63) 


(2.64) 
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ramp generator. Inverters are used to realise the 
comparator and to generate the high frequency modulating 
signal. NATO gates are used for ANDing because of the 
nonavailability of AND gates. SD100 is used for the 
amplification of pulse train and is provided with ihe 
separate supply so that pulse strength can be varied if 
required. All the resistance are in ohms in Pig. 2.8. 

2.7.2 Chopper performance verification : 

Waveform across all the components of the circuit 
were examined. Their nature was close to those drawn in 
Pig, 2.5. Oscillograms of the waveforms are shown in 
Pig. 2.9. Capacitor voltage and current are shown in 
Pig. 2.9(a). Overcharging of capacitor and constant current 
interval can be easily identified in this. Capacitor 
current and current through D 2 and T 2 are shown in Pig. 2.9(b). 
The deviation from the ideal behaviour is clear here. The 
current through T 2 flows for more than half of the cycle 
of capacitor current. There are two commutation pulses 
shown in Pig. 2.9(a) and Pig. 2.9(b), corresponding to 
commutation of T^ and T 2# Current waveform for and D 2 
are shown in Pig. 2.9(c). These give idea of the thyristor 
turn off time provided by the circuit. Constant current 
through D 2 corresponding to charging of capacitor is also 
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Capacitor voltage and. 
current waveforms 
Scale Voltage 200V/div. 

Current 100 A/div. 
Time 0.1 msec/div 



(to) Current waveforms of 
capacitor, D 2 and T 2 . 

Scale 

i- c - 100 A/div 

i-D ~ 50 A/div. 

2 

im ~ 100 A/div. 

. 2 

time — 0.25 msec/div. 



c) Current waveforms. 

D 2 and . 

Scale 

ip 100 A/div 

i D 100 A/div. 

time 0.25 msec/div. 


of 


\ 
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(d) Current waveform of 

load, D. and source. for 
i L =0.43 4 pu. 

scale 

- 10 . A/div, 

ij. - 20 A/div. 

4 

ig - 2.1 A/div. 
time - 1 msec/div. 



Fig. 2.9 ( contd 


(e) Current waveformr of 
load, D a and source, 
for i L % 0.09 pu. 

scale 

i^ - 10 A/div. 

i^ -- 20 A/div. 

i g - 2.1 A/div, 
time * 1 msec/div. 



Current waveform* of 
Dj, 1^ and source 

scale 



0.84 A/div. 
20 A/div, 

20 A/div. 


time - 1 msec/div. 
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(c) I T =-0.5 pu 


Pig. 2.10 Load voltage and current waveforms 





Pig. 2.10 (contd.) 





b-o-8 



Fig. 2.10 (contd.) 



■MM 




SPEED -TORQUE CHARACTERISTIC OF THE 
DEVELOPED CHOPPER. 
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explicit, load current, current through diode D^ and source 
current are shown in Pig. 2.9(d). During freewheeling the 
flux resetting in saturable reactor is also taking place, 
as voltage overshoot of capacitor is discharg ing t hr ough 

£*4 an & the source. Therefore negative source current 
is found to be present. In Pig. 2.9( e ), are shown 
current through load, D^ and source for low load condition. 

As the load current goes negative here, thyristor will 
conduct for some time. Source current will be zero for this 
duration. Now this current is fed back to the source and 
correspondingly a dip in source current is observed. Current ■ 
through D^ , saturable inductor 1^ and the source current is 
shown in Pig. 2.9(f) current through D^ indicates current 
fed back to the source. 

2-7-3 Motor performance verification : 

Oscillograms of the load voltage and current waveforms 
for 6 =0.16, 0.5 and 0.8 are shown in Pig. 2.10. Por light 
load condition and regeneration, voltage waveforms are found 
to be distorted. This is probably because of the saturable 
reactors 1 1 and 1 2 - 

Further, torque-speed characteristics is drawn for 

( Pig. 2.11). 

the motor fed by this chopper/ Experimental results’ variation 
from the calculated values for 6 =0.2, 0.4 and 0.6 is large. 



2.51 


Poi* 5 =5 0.8 experimental results are in close proximity 
with the calculated values. The deviation can be attributed 
to the assumption taken about the variation of inductance 
of the saturable reactors. In practical, saturable reactor 
will need some current to go into saturation and there 
will be certain current flowing through it, when it is 
assumed to give infinite impedance. Further, magnetic 
characteristic is not linear, as assumed for the simplicity of 
analysis. Efforts were made to take nonlinearity of 
magnetic circuit into account, but due to complexities 
involved, simplifying assumptions had to be made. If actual 
nature of inductors is taken into account better results 
can be obtained. 

2.8 Conclusions; 

Prom the preceding discussions and the experimental 
results, it can be concluded that the proposed circuit has 
the following advantages and disadvantages. 

2.8.1 Advantages ; 

1 Saturable reactors L and 1 2 support the dc bus voltage 
during commutation and thus reduce the energy trapped in the 
commutation circuit. Minimisation of trapped energy i.e. 
the energy stored in the commutation inductor at the end 
of the commutation interval, reduces the amount of energy 
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that needs to be pumped back to the supply. As a result 
of this losses are lower. 

% 

2. Commutation diodes and Dg makes the circuit 
self healing, in case, nonrepeatitive misfiring occurs 
due to a wrong gate pulse or due to dv/dt triggering. 

5. load voltage is free from any overshoot because of 
diodes and D^, although the ringing capacitor voltage 

appear across and 

4. It is possible to turn off both the thyristors with 
the gate control circuit. 

5. Capacitor voltage is always available as soon as the 
dc voltage is switched on, No special starting sequence 
is needed. Moreover there is no piling up of charge, as 
observed in the case of McMurrey’s circuit and Laha’s 
circuit [5]. 

6. No discontinuous conduction in motor operation , so 
oven at light loads, good speed regulation and faster 
transient response are obtained. 

7. Number of semiconductor devices and commutation 
circuit component is less, so cost is less and losses 


are low 
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9. Mostly dual choppers suffer from the disadvantage 
of lower attainable frequency of operation. Proposed 
circuit uses only two thyristors which can be turned 

on simultaneously also. So higher frequency of opera.tion 
is possible. 

10. Firing circuit is simple. 

2.8.2 Disadvantages ; 

1. Saturable inductors possess some resistance, so 
there will be some loss of energy in the form of heat. 

2. If saturable reactors are not properly designed 

a direct short circuit may take place across the supply. 

The developed circuit is superior to the existing 
chopper circuits. The commutation scheme, used in this 
chopper, makes it very attractive for the high power 
applications. 



CHAPTER 3 


COMPARATIVE STUDY OF CHOPPERS 
3.1 Introduction: 

A two quadrant chopper capable of operation with 

positive output current and voltage in either direction has 

been discussed in this chapter. This type of chopper is 

suitable for dc drives, for crane application, regenerative 

magnet power supplies, and a.c. drives using current source 

inverter. In present chapter, three control approaches 

are proposed for the power circuit configuration (Ref. Fig. 

3.1(a)) of an ideal chopper capable of operation in first 

and fourth quadrant. A comparative study of all the three 

approaches has been carried out for a highly inductive load 

as well as a motoring load, with an objective to reach at 

the optimum control approach. All the performance curves 

and equations are presented in terms of the normalised 

quantities so that they can be utilised for any motor or 

be . 

highly inductive load, as the case may/ Boundaries between 
the continuous and discontinuous conduction for all the three 
approaches are given to facilitate design of filter 
Inductance. It is shown that APPROACH -2 and APPROACH-3 give 
similar performances 2 ndbotl1 result in reduction in the output 
voltage harmonics, input current harmonics, and armature 
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current ripple. They also give narrow zone of discontinuous 
conduction. They have lesser commutation losses. Further, 
APPROACH-2 results in reduction in switching frequency while 
APPROACH-3 has the advantages of lower cost and simpler 
control circuit. 

3.2 Control Approaches: ( Ref . Pig. 3.1(a)) 

The instantaneous output voltage can have the 
value +V, zero or -V depending upon the state of switches 
S^,S 2 and diodes D^ and D 2 . The average output voltage can 
he controlled from -V to +V by the following control 

approaches. 

a ) APPROACH- l ; Double polarity simultaneous control: Switches 
and S 2 are to be opened and closed together. These switches 
are realised by thyristor, power transistor etc. . Assuming 
a continuous current in the load, the instantaneous output 
voltage is given by 

v^ = +V when and S 2 are closed 

= -V when S^ and Sg are open (3.1) 

By varying the time duration for which switches are 
closed the average output voltage is varied. The instant- 
aneous output voltage is both positive and negative in one 
output cycle. Both the switches are controlled simultaneously 
so tho approach is termed as double polarity simultaneous 


control 
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(k) APPROACH 2: Single Polarity simultaneous control ; Switches 
and S 2 are controlled switches here also, so they are 
■realised by thyristor, power transister etc.. Switches 
and S 2 are operated with a time delay of half the time 
period. For continuous load current, instantaneous output 
voltage can be derived from the following equations 

V L = w ^ en S.J and S 2 are closed 

= 0 when S, is closed and S 0 is open 

1 2 (3.2) 

= 0 when S is open and S 2 is closed 

= -V when S and S 2 are open 

The instantaneous output voltage is either positive 
or negative depending upon on-time of switches. Both 
switches S^ and S 2 are controlled simultaneously. So this 
approach is termed as single polarity simultaneous control. 

( c ) APPROACH 3 ; Single Polarity nonsimultaneous Control : 
Variable positive output voltage is obtained by keeping S^ 
closed all the time and operating S 2 periodically. Keeping 
S^ open all the time and operating switch S 2 periodically as 
before, gives variable negative output voltage. Since 3^ 
is closed all the time for first quadrant of operation and 
open during fourth quadrant of operation, it can be an 
ordinary switch. Thus only one semiconductor switch is 
required. As only one switch is controlled at one time this 
approach is termed as single polarity nonsimultaneous control. 
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3.3 Chopper Performance Analysis for a Highly Inductive load: 

The dual chopper, feeding a highly inductive load is 
studied for output voltage ripple and input current harmonics, 
for each control approach, load current is assumed to he 
ripple free. A.C. voltage ripple on output side or output 
voltage ripple is a measure of the harmonic content of the 
waveform which does not require the calculation of the 
individual harmonics. 

3.3.1 APPROACH- 1 : Double polarity simultaneous control : 

Figure 3.2(a) shows the output voltage waveform when 
both switches and S 2 are closed periodically at T seconds 
for a period of T Qn seconds.. Output voltage can be varied 
from -V to +V volts by varying the ratio t /T. 

U XX 

V = Average output voltage = 2V[6-0.5] (3.3) 

where, 6 = duty cycle of and S 2 = t Qn /T 

output voltage ripple = 'f^~ s - (3.4) 

where , 

V rms = rms value of output voltage = V 
Substituting values of Y rmg and V av in (3.4) and taking 
input voltage V as base value, p.u. ripple voltage, for 
this case can be written as 

2 1 /2 

output voltage ripple (pu) =2(6-6) (3.5) 
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Waveform of the soxirce current i is similar to that of the 
, s 

output voltage v L , so equation (3.5) is also indicator of 

amount of source current harmonics and gives p.u. ripple of 

the input current, with I as base. 

av 

3.3.2 A?PR0ACH~2 ; Single polarity simultaneous control : 

(Ref. Fig. 3.2(b) : 

Switches and S 2 are operated periodically at 2T 
seconds with a time delay of T seconds between them. The 
average voltage is positive if the duty cycle of the switches 
5 is greater than 0.5 and negative if it is less than 0.5. 
Thus V av can be varied from +V to -V by controlling the duty 
cycle of the switches and Sg. Average output voltage 
for this is also given by equation (3.3) . 

V = Vl/T=23" 6 < 0.5 

' rms 

= VVX^T) 6 >0.5 

Substituting values of ^ rms and V av in Eqn. (3.4), 

p.u. output voltage ripple = (26-46 2 ) 1 / 2 6 < 0.5 

= (66-2-46 2 ) l/2 6 > 0.5 

(3.6) 

Equation (3-6) also indicates p.u. source current ripple 

with I as base current, 
av 
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ACH ~ 3 Singl e polarity non- simultaneous control 
LR®f. Fig. 3.2( c and d) ; 

Switch S 1 is closed permanently and switch S 2 is 
opera bed periodically at T seconds for different values of 
"k° ge ’ fc a v aviation of output voltage from 0 to +V. 
Average output voltage and p.u. output voltage ripple can 
be written for the first quadrant operation as follows; 

V av = avera € e output voltage = V.6 (3.7) 

where 6 = t /T 

V rm 3 = 

80 y 

p.u. output voltage ripple = (6-6 2 ) 1//2 (3.8) 

Equation (3.8) i3 also the indicator of source current 

harmonics (with I „ as base) . 

ctV 

Keeping the switch open all the time, the variation 
of the time for which S 2 is closed periodically will give 
variation of the average output voltage from -Y to 0, It 

can be shown that 

Average output voltage = -V(l-6) (3.9) 

and 7 ras = VfTHI 

p.u. output voltage ripple will be given by equation (3.8) 
for this case also. Pig. 3.3 shows the p.u. output voltage, 
ripple (with V as base voltage) and p.u. input current 
ripple (with I av as base current) vs. the duty cycle of the 




■Hi 




iliiSifl 
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switches S j and S 2 for first two approaches and of the switch 
S 2 for the Approach 3. 

3.4 Motor load: 

It is assumed in the analysis which follows that 

a) The switches 3 ^ and S 2 and diodes are ideal switches* 

b) The resistance and inductance of the motor armature 
are constant. 

c) Since commutation pattern for 3 ^ and S 2 is not 

considered, so effect of commutation interval 
is overlooked. 

d) The motor speed is constant during a given steady 
state condition or in other words, the mechanical 
time constant is very large compared to 
chopping period. 

3.4.1 APPROACH-1 : 

In this approach it is also assumed that there is no 
inherent time delay between operation of and S 2 . Motoring 
mode will be observed for 6 >0.5 while reverse regeneration 

mode runs upto 8 = 0.5. 

Motor performance analysis ; j 

A* Continuous conduction (Ref. Pig. 3.4(a) and 3.5(a)): There; 
are two possible intervals when the load current is continuous. 
Performance equations for motor in these intervals can be 

written as follows: ; 
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a ) Interval-- when both switches S 




^ and are on. 


? = 1 'll + Ri a +E f °* 0<t S t oa (3.10) 

m4 M 0 * = E min 

b ) Interval-^: when both switches S and S, 

1 2 

di 

~ V = L dF + R V E for ^on - b 1 T (3.11) 


are off 


and i ( t ) = I 

a on max 


b on = for tilis approach. 
Solving eqns. (3. 10) and (3.11), one gets 


i a = 1-e' t/T )+ I nla e-^ for 0<t<t Qn ( 3 . 12 ) 

= = iXMl (,_ e -(t-6f)A) e -(t-6T)A 

a xt max 

f°r t on < t < T (3.13) 


In steady state, from eqns. (3.12) and (3.13) 

Since i l = I w in eqn. (3.12) and i \ = 1.1 n 

a it=t max a | t=T mm 

eqn. (3.13). So on solving eqn. (3.12) and eqn. (3.13) and. 

taking input voltage 7 as normalising voltage, V/R as 

normalising current, and x as normalising time period, 

normalised expressions for I „ and I . can be written 

max mm 

as follows. 


T* 

max(norm. )' 


Li±e 


-6T 

■T Oo P 
p - 2e 


-3L 

(1-e p ) 


1. 


m 


(3.14) 




DEVICES ON 


{q) Continuous conduction 


Of Vli i :i ON 


( b ) Discontinuous conduction 
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5T 


T 


(3.15) 


t . 2e ^ — q P _ ^ 

min(norm. ) ~ t““ " 4 “ - m 

e p - i 

The normalised current ripple is 

I ( x -i -6T - ( 1 -5 ) T^ -T. 

C.R. (norm.) - fflax(norm.) min(norm.) 1 -e p -e 

2 -T 


P , “P 
•^+e * 


1-e 


P 


(3.16) 

Taking the average of eqns. (3.10) and (3.11) for tie whole 

time period T, one gets 


H.I W = V[25-1] -E ( 3 . 

oo, normalised expression for average current is, 

■ I ‘av(norm.) = m (3.17) 

Thus, 


rn w rr T 

'av(norm.) “ T * av(norm.) 

and 

normalised speed =<^ nOTm = 

B. .Dio continuous conduction ; ( Ref . Fig. 3.4(h) and 3.5(h)): 

In this case the chopper will operate in three modes which 

can be shown as follows: 

a) Interval-1 : when switches and S 2 are closed 

df 

L + R i a +B = V for 0 < t < t Qn 

i a (°) = 0 


(3.18) 

(3.19) 


( 3 , 20 ) 
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b ) Interval -2 : when 3^ and S 2 are open, 
d 

b “dt + R d a + E = -V for t < t <yf 

i_( 6T) = I 
a max 

Interval -3 * It can "be termed as zero current 
interval also. Here 


(3.21) 


1 a ~ 0 

On solving eqn. (3.20) and eqn. (3.21 ), 


a 


— ( 1~ e ' ) for 0 < t < t on 


( 3 . 22 ) 


(3.23) 


i. a (,_ e -(-t-6T)A) +I ^_ e -(t-6I)/T 


max 


for ‘on A< YT 


Since, i = I nw 

a ft-6T max 


(3.24) 

so in terms of normalised quantities 
-6T 


"max(norm, 


) = ( 1-m)( 1 -e p ) 


(3.25) 


let i & ho zero at time yT measured from the beginning of the 
interval-1, then from eqn, (3.24) y can be written in terms 

of the normalised quantities. 


61 


1 


ln . 

1 in v m+1 ' 

P 


(3.26) 


The critical spcedCj^, representing boundary between conti- 
nuous and discontinuous conditions is obtained by letting 

y = 1 in eqn. (3.26) 
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~ V P -M (3.; 

1 -e p 

Taking the average of eqns. (3.20), ( 3 . 2 ,) and (3.22) over 
the time period T, one gets 

R.I av + Y . E = ¥.(26 - y) 


G :-, in terms of normalised quantities 

' l ”av(norm.) = 2< ^“Y (l+m) (3.28) 

Eqns. (5.18) and (3.19) are applicable here as well. 

I -6T 

O.K. (norm.) = J»(nonn.) = D j)., (. „1-e (3.29) 

2 2 


All tho above equations hold good both for motoring 
as well a.3 reverse regeneration with slight modification, 
for the reverse regeneration operation, back emf E or 
normalised back emf m is replaced by -E or -m as the case 
may bo. Eqn. (3.27) is applicable to both quadrants of 
operation. | 

Harmonics in supply current ; 

A. Continuous conduction ; The waveform of supply current shown 
in Pig. 3.4(a) and Pig. 3.5(a) can be expressed mathematically 


as 



(1-m) - 1,(6, T p ) e~ t/T for 0 < t < t Qn 

T 

2fe P 

where, K 1 ( 6 , T p ) = x ^ 


(3.30) 

( 3 . 31 ) 


e 


1 
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i s = (^ +m ) - K 2 (6,T p ) . for t Qn £ t < T (3.32) 


6T 

where, K 2 (5,T p ) = ^ -■ =- 1 ) - 

1-e p 


(3.33) 


K^(6,Tp) and K 2 (5,T p ) are taken just to simplify the 
expressions for supply current and will he used also in ihe 

analysis that follows. 


After doing Fourier analysis of above eqns. , one 
goto the do component of supply current as 

K (5,T ) -6T 

= 1+m (1-26) - -1— . (i-e p ) + 


av 


K,(6,T ) _ -T -6T 


+ 


J&Z12SL 


T, 


Ce 


] • (3.34) 


Fourier constants are 
sin 2rt n6 


P 


-6 T. 


riih ^ . si . ri r 
n un 


[e *{- 


T 2 + 47. 2 n 2 ^ 


p $ -T_. °°s 2nm6+2-n;n 


sin2tm6^ (K^d.Tp) -K 2 (6,T p )) + 


•T. 


K 2 ( 6 , T ) . e p £ ] 




(3.35) 


and 


n 


2 .m. ( 1 -cos2tc n6) 


-6T 


. iu , v i -wsciL + — . . .. [ e y \T sin2im6+2-n:n 


ten 


2 .22 
T +4n n 


cos 


2tm6 (K 1 (6,T p )-K 2 (6,T p ) ) - 2%n -£k ^ ( 6 , T p ) 


•T 


K 2 (6,T p ) o p } ] 


(3.36) 
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Hence, the rms value of nth harmonic of supply current 

will he 


I 


n 


^ (a " 2 + b n 2)/2 


(3.37) 


B. d iscontinuous Conduction: The mathematical expression 
for this case (Ref. Pig. 3 . 4 (b) and Pig. 3.5(b)) can be 

given as follows 


s 


(l-m) ( 1 — e 0 < t 


< t 


6T 


1+m+( 1-m-2e P )e~ t//T t 


0 


The dc component will he 


on 

< t < vT 
on—— ri 

yT < t < T 


(3.38) 


a — I 
0 x av 


-yt t 


( 1+m)( y-6)+( + ^~(2e Tp - e * - i) : 


z. 

T 


, -( y~6)T 

( 1 - e p ) 


(3.39) 


The Fourier coefficients can he written as follows 


R, 


n 


+ -JjL. ( si n 2icny-2sin2rai6) 


6T 


»6T 


Ten 


p “-•••• v ? ( 1 -ffl-e p ) 
T +4ic n 


e P (-T cos2im6+2im sin2im6) L + — ^ — T~ol (m-l).T 

p J T + 4lt n 1 

ir 


P 

6T 


oT r -yT ") 

+ (l-m~2e p )| e P (-T^. cos2imy + 2im. sin2raiy)j-- ] 


(3.40) 
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and 



- Ll-cos^imv) m 
nn 


( 2 . cos2n;n6->cos 27iny— 1 ) 


rfe ('-) + — 4 


-6T 


Tp +4it n 


9 ^)e P (T .sin 2-n;n6 

T ^+4nV I p 

p u 


6T 1 . 6T 

+ 2im cos 2ira6) (l-m-e p )t (i- m -2.e. p ) 


T +4n^n 
P 


S' 


• yT 


(T . sin2imy+2'n:n cos2imy) L 


(3.41) 


j 


Therefore the rms value of nth harmonic in the supply 
current is obtained from eqn. (3.3?-) 


3*4.2 APPROACHE S 

Switches and S 2 are closed for T^ seconds every 
2T seconds with a time difference of T seconds between them. 
Motoring operation is achieved for 6 >0.5 while values of 
6 from 0 to 0.5 give reverse regenerative operation. 


Motor performance analysis for motoring operation 


A, Continuous conduction (Ref. Pig. 3.6(a)); There are two 
intervals in this mode of operation which can be expressed as 
follows with help of the corresponding mesh equations. 

a) Interval-1 or Duty interval 


&/ 

V a 1 d f ' "** ^ -*- a 


for 0 < t < t 


on 


(3.42) 


and i a (°) - P min 






DEV,CES0N l (sjsj) I’ll, 

(a) Continuous conductio 
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^ ^ t o nv 8-1 ~~2 or Fre ewheeling interval 

t + R i 

a 'on 


0=L_!+Ri Q+ B fQr t _ < t < T , 


(3.43) 


i (t ) = i 
a on max 


For this approach 


t on = <26-1 )T 


(3.44) 


olving cqns. (3.42) and (3.43), one gets, 


i ss ) + t 

a R u ' +i min e 


for 0 < t < t 


on 


1q e - (t - t - ,A 
a R v max 


(3.45) 


for t „ < t < T 
on — — 


(3.46) 


Since i 


a 


t = t =1 

on max 


in eqn. (3.45) and i 


ai t=T I min 


in eqn. (3.46), so 


t /t 

V (l~e on ) E- 

mum u«— Ml i m — w mm ,Ktm 

R 


'max " R i. e -T7r 


(3.47) 


_ JL ( - JL 

'min ” R v e T/ x__ 1 j R 


(3.48) 


Substituting value of t Qn in eqn. (3.47) and eqn. (3.48) 
from oqn. (3.44), I max and I min can be rewritten in terms 

of normalised quantities as follows. 
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-(26-1 )T 
1 — 6 P 

'max(norm. ) ~ It 

1-e p 


- m 


( 2 6 - 1 ) T 


I . . 


T 

e p - i 


J=1 


'min(norm. ) 

The normalised, current ripple is 


m 


C . k. (norm. ) 


‘^max(norm. min (norm. ) 

Z 

-(26-1 )T 

(L3,(i-o 


(3.49) 


(3.50) 


-20-6)1 -I 
r - e r + e ^ 


-T 


1 -e 


(3.51) 


Taking the average of eqns. (3.42) and (3.43) 


V t 

- 4 — = R.I + E (3.52) 

T av 

in steady state the average voltage across the inductor will 

be zero. So, 


I, \ ~ 26-( 1+m) 

a.v(norm. ) 

Normalised torque and speed can be found out from 
eqns. (3.18) and (3-19) 


(3.53) 


B. Discontinuous conduction s (Ref. Fig. 3.6(b)): Three intervals: 
present in this case can be expressed with the help of : 


eqns. as follows. 
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a) Inter 


interval 


V = L ~4r + Hi + S for 0 < t < t 

u u a — — on 

i a (o) = 0 

b) Interval-2 or Freewheeling interval 


(3.54) 


0 = L 


at + R ia + E for V ± t i Vi 


(3-55) 


i (t ) = I 
a on max 


c ) l ntorval-3 or Zero c urrent interval 


1 a 0 

a 


for yT < t £ T 


(3-56) 


On solving eqns. (3.54) and (3.55) 


ia =¥ (, - e ' tA) f°rO<t<t £ 


(3.57) 


i = ~ ( 1 -e 

a R 


-(t-t )A_ 


)+ I e 
7 max 


(t-t )/t 


for t < t < yT 


(3.58) 


From eqn. ( 3 . 57-) 


I =2=£ (l -e' toaA ) 
max R 


(3.59) 


Substituting value of t Qn from eqn. (3 .44-) e 9 n * (3.59) 


the normalised expression for I max can be written as. 


'max(norm. ) 


x (l-m).(l-e 


•(26-1 )T_ 


(3.60) 
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Let the current reduce to zero value at t = yf, then 


y = -yjr In [i + 


on 

T 


T 


m. 


-4 


Substituting the value of t Qn from eqn. (3.44) into (3.< 


T.„ 


In 


( 26 - 1)1 

0+ h .til 


■p 


m 


) 


Normalised value of critical speed 

•) 


6-3 (norm. ) 

w 


m 


K, 


v 


t /% 

JL ( g - °- n -1 

K v T 


v -~p 


1 


On substituting value of t from eqn. (3.44) in eqn. (3 


63 (norm. ) 
c# 


m 

K. 


( 26 - 1 ) T 


v 


JL. ( ~ 

K v 
v 


T, 


P 


faking the average of eqns. (3.54), 
over the time period T 


(3.95 ) and (3.56.) 


t 

V . -f 1 « R.I av +Y.E 
so, normalised value of I ay 

I (norm. ) = 26 - 1 -y.m 

av 


(3.61) 
51 ) 

(3.62) 

(3.63) 

.63), 

(3.64) 

(3.65) 


( 3 . 66 ) 
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(5.18) and (3.19) are used to find out T / \ and 

av(norm.) 

Cc)(norra. ) respectively. 

x -(26-1 )T 

C .R. (Norm. ) = ) = Il-m)(l-e^ P ) 


(3.67) 


Motor performance analysis for reverse regenerative 

operation 

A. Continuous conduction: (Ref. Fig. 3.7(a)); Respective 
mesh equations for the intervals present in this mode 

are written below 


a) Interval- 1 or Freewheeling interval 


d(, 

0 = L -jf' + R.i - E 
dt a 


for 0 < t < t 

— — on 


^a^ 0 ^ ” I mi 


m 


( 3 . 68 ) 


b) Intcrval-2 or Duty interval 


<U. 


-v =1 + R.i a - 2 for t on 1 t i T 


i (t ) = I 
a on max 


On solving eqns. (3.68) and (3.69) one gets, 

i 


'a " R 

_ E-V 

'a ~ R 


B (l~e~ t/T )+I ... e 


-t/r for 0 < t < t 
min “ Ior u - - on 


(3.69) 


(3.70) 


(l-o 


,(t-t )/t — ( t— t ) /t 

° n )^max e ■ f ° r W 1 ** 


(3.71) 




HHHH 

iliiii 


DEVICES ON 


i°mj5i!>§> #£ (c 

(a) Continuous conduction 


Approach 2 
Approach 3 


max 


oev,cr “" J -A ^j-P: 

Disc ontinuous c on duct ion 


Approach 2 
Approach 3 


In steady state from eqns. ( 3 . 70) and (3.71) it can be 

written 


( T-t )/ x 

t _ I V (e on 
max ~ 7 “ 1 Wx 

e - 1 


zJl 


(3.72) 


-( T-t )/t 

r _ I 7 ( 1 -e on 

min ~ R ~ R 77 _-T/t j 


For this case t 


on 


( 1 -o' 
265 


) 


(3.73 


(3.74) 


The normalised expressions for I and I . in this 

max mxn 

case are as follows; 


-( 1 -26) T 


"max (norm. ) 


m - 


T^ 

e * - 1 


(3.75) 


X . *** m 

x min(norm.) 


ize. 


-( 1-26)5 


-T 
1. e P 


(3.76) 


The expression for normalised current ripple is as follows: 


C. FI. (norm.) =0.5 


(l-o. 


■( 1-26)5 -5. 


-26T 


P + e - e p 


-T 

( 1-0 p ) 


L (3.77) 


Taking the average of eqns. (3.68) and (3.69) over the full 

time period T, ono gets 
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Normalised expression for I &v in this case is as follows. 

I av(norm. ) = 26 - 1 +m (3.79) 

On replacing m by -m in eqn. (3.54) one can derive eqn. (3.79). 
Using oqns. (3.18) and (3.19) norm, torque and speed can - be 

found out . 


B . Discontinuous conduction (Ref. Pig. 3.7(b)): Following 
arc the representative mesh eqns. for the three intervals 

present in this mode. 

a) lntcrval-1 or Freewheeling interval 

d i 

0 = L —rr + R.i - E for 0 < t < t (3.80) 

ci u a *** on 

i a (o) =0 

b) Tntorvai~2 or Duty interval 

dl 

-V = L -^| + R.i & - E for t Qn < t < yT (3.81): 

^a^on^ = ^max 


c) Interval -3 or Zero current interval 

i =0 for yT < t < T 

a 

On solving cans. (3-80) and (3.81 ) one gets 


(3.82) 


i =1(1-0-^) 

a R v 


for 0 < t < t 


i = 01=11 (,_ e 

a R 


-(t-t )h 

on )+i e 
' max 


on 

-(t-t on )A 


(3.83) 


for t on £t<y.T 


(3.84) 
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Let i 


afj. _. m “ ^ e 9 n * (3.84). Then y can he written in 


lt=yT 


terms of normalised quantities as follows 

t 

On (j 


Y 


1, 

T. 


In [ 


-m + e 


T 




(3.85) 


‘P 

Critical value of speed (i.e. speed at y = i) is obtained 

from cqn. (3.85) 


m 

(1 ^c(norm. ) ~ K, 


t 

^<1 _on> 

_ ±~ rl~ e 

“ K L -T J 

v v i- e p 


i S > t p 


( 3 . 86 ) 


Substituting t yn = 26T in eqn. (3.85) and eqn. (3.86) 
y and & > can he written as follows in terms of normalised 

quantities for this case. 

26T 


y = ^— In [ ~£—~ SL ] 

A p | 


-m 


and 


/ \ __ r 1 ~e ~ I 

tA ^c(norm.) “ K L T J 

V M ~ V 


•Q“26)T 


1 -e 


(3.87) 


( 3 . 88 ) 


I in terms of normalised quantities, 

max 


I 


max (norm. ) 


m . ( 1-e 


on 

T 


T 


) 


Substituting value of t Qn from eqn. (3.74) in eqn. 

It \ is rewritten for this case 

max (norm. ) 

-26T 


I 


max (norm. ) 


m . ( 1 -e y ) 


(3.89) 

(3.89), 


(3.90) 
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Thus 


~26T 


C . R. (norm. ) =0.5 i . ( i-e p ) 


(3.91) 


Taking the average of eqns. (3.80), (3.81 ) and (3.82) over 


the full time period T, I can he found as 

av 


I 


. .. I 

av “ ii 


- yt) 


_on 


T 


+ XtM 
R 


(3.92) 


Substituting t Qn = 26T in eqn. (3.92), I av (norm.) for this 

case will be. 


1 (norm.) = 26~y ( 1-m) 
av 


(3.93) 


Normalised torque and speed are calculated by substituting 
values of I^norm) and m in eqns. (3.18) and (3.19) 

respectively. 


Harmonics in supply current for motoring operation 


A. Continuous conduction ; The waveform of the supply current 
as shown in Pig. 3.6(a) can be expressed mathematically 

as follows:: 


t - ~ . T 

i„ = ( 1-m) + K (-^ e P for 0 < t < t 


on 


where K 


t 

sm rp 

t _ T p 

/ on m ) _ e 

\ rp ? J -p> " 


T_ 


- e 


T 


0 


for t < t < T 
on “ - 


(3.94) 
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On doin C Fourier analysis of eqn. (3.94), following expre- 
s si on s for do component of supply current and for other 


Fourier coefficients, are obtained 

t. 




a 


o 


'av 


O-m) 


on 


on 


T r ~y' „ T 
T 


(1-e 


. T 


(3.95) 


a. 


n 


ilzal 

7in 


[T p + 0 


t 

t 2K(- m 
sin(27m . ~~~0 + 


I 


j >y. 


t 

J2& 

T 


2 2 2 
T_ +4it n 

Jr 

t. 


Tp ^ 2nn. sin(2ixn. ) 


t -j 

T p . cos (2-rm . -fi )4 ] 


(3.96) 


and 


b 


n 


/ . t^ 2K(-~ » 3L) 

. ( l~cos(2im . -—)) + — — 1 JL 


[ 2un 


2 ~2~z 

T p +4 tx n 

t 

q n ^ 

^ ^ / p * sin ( 27i;n ) 

t 1 


+ 2ixn . cos (27m . )? ] 


(3.97) 


Thu rmo value* of nth harmonic component in supply current is 

obtained from eqns. (3.37) , (3.96) and (3-97). 

the 

Since t = ( 26-1 )T for this case (_ expressions for a Q , 

(j n 

n. and b can bo rewritten as follows: 

n n 


a 


o 


K((26-1), T ) -(26-1 )T. 

(l-ni) . (26-1 ) + j ~ ( 1 “ e 


P 


P ) 

(3.98) 
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a. 


ildsl 


n Ten 


sin( 27 tn, (26-1 j) + 


2 K(( 26 - 1 ),T T) ) 

T p 2 +4it 2 n 2 


•(26-1 )T, 

i- e 

P t 


f T T, +e P j 27 tn.sin( 2 ioi. (26-1)) 


*T cos (2toi . ( 26 - 1 )) L ] 


( 3 . 99 ) 


and 

( 1-m) 
'n in"" 


2*(26-1),T ) 


b vx -■ lll !„ J «''" 1 ' 1 • ( 1 — co s( 2 Tin. (26-1 ) ) ) + - --~ ~ aL i .P 


” 2,. 2 2 
T +4ti n 

ir 


P ^T .sin(2nn . ( 26 - 1 ) 

ir 


-( 26 - 1 )T f 

[2nn - e 

+ 2un . cos (2nn . (26-1 ) ) j- ] 


(3.100) 


where. 


K((26-l) f T p ) = & 


(26-1)^ T 
e 


P _ *~P 


T 


e * - 1 


B. Discontinuous conduction ; The mathematical expressions 
for the supply current waveform, in this mode, shown in 

Pig, 3.6(b), aro as follows. 

(-t/T } T 

i ss (1-m) (1- e ■ p ) for 0 < t < t Qn 

o 

=0 for t on < t < T (3.101) 


On doing Fourier analysis of eqn. (3.101), one gets, 

t — "~ m~ ' • T 

a Q - (l-ra)[~^ - Tjr* .(l~e )] 

P 


( 3 . 102 ) 
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sln(2im(t /l) ) 

a n ss ( 1 ~m ) [~ — * on 


nn 


T p 2 +4tc 2 n 2 


e 1 '(-T j) .oos(2*n.t on /T)+ 2 * 0 . ain(2ra. t„„/T) )+tJ] 


on' 


and 

( 1-cos (2im(t /T))) 

b s ( 1 ~m ) f -£S 

n L itn 


T p 2 +4ix 2 n 2 


, -4 /At 

\ 2un~e 011 p (T . sin(2im.(t /f ) ) 
C P on' 

+ 2nn . coo (2im . (t. /T) )•£ ] 

0 K. j 


(3.103) 


(3.104) 


The rnio value of nth harmonic component of input current 
is obtained from eqn. (3.37), (3.103) and (3.104). 


Since, t / T = 26 — 1 for this case, the expression for a 

ylli 

and b can be w rewritten as 
n 


-(26-1 )T 

a = (Hi) [26-1 - (l-e P ) ] 

u ip 


(3*105) 
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ii 


.M [aiaUsaU^U. 


2 2 2 

T +4tc n 

It 


^ ^( 26^1 )T > 

£ o p (-T p .cos(2xn(26-l))+2im sin ( 2nn ( 26- 1))+f pj ] 


(3.106) 



-(26-1 )T 

2rai-e P (T p .sin(2xn(26-l))+2xn.cos(2mn(26-l))?] 

( 3 . 107 ) 

Harmonica in supply current for reverse regenerative 

operation : 

A. Continuous, conduction : Supply current wave fo mi in this 
mode, is aa shown in Pig. 3* 7 (a) and can be expressed 

mathematically as follows: 



i * 0 
a 


for 0 < t < t 


on 

t 


% * T 

(l-m)-K (-f& ,T p ) e T ’ p for t Qn < t < T 
where K (~Sr, T ) = 


T 


*T 


( 3 . 108 ) 


1 -e 


Fourier analysis of above eqn. results in the following 

exp re onions for a 0 »a n b n » 

t K(t /T,T ) -T -(t„„/T)T. 

a 0 = ( 1 -m) (1 jp ) + j *- (e F - e 

P 


P _ n ' 'on f -pj 


( 3 . 109 ) 
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2K(t„„/T,Tj 


n im 


n . sin(2lt „(^)) + ’ + fon /T) *P 
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£-T p .cos(2Ttn(-^) )+2ixn. sin(2im(-^) ) J ] 


( 3.110 
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and 

: 

n 




-(t /T).T 


m 2 ~ 2 2 
T +4it n 

Jtr 


on' 


^T p . sin(2nn(-~))+2Tm. cos( 2rai. (-2B) )|] 


(3.111) 


The rmo value of nth harmonic component of input current 

will bo obtained using eqns. (3.37), (3.110) and (3.111). 

t 

Since, » 26, the expression for a 0 ,a n and b n can be 

rewritten as follows for this case. So, 

/ K(26,T ) -T -26T 

( 1 —in ) * ( 1 **2 6)+ ““■■ | ' i - r p 11 ( e -P — e ^ ) 


(3.112) 


m-1 2K ( 2 6 , T ) ' ~T _ 26T 

a„ = ~r~ *sin 4itn6 - — s — [-T . e ^ - e p 
n nn T^+4nn p 


C 


r* 


TL. coa4itn6+27m.sin4'n:n6 




(3.113) 


and, 


, . 2K(26, 1 ) -T -26T „ 

b - • I i . ?r l ) . . ( 1~cos4itn6)+ —x xpj [2raie p - e p 

n fin m ^JfAy^Xi 

P n ’ 

T . 8ln4itn6+2itn. cos4im6[] 

P (3.114) 

* 25 T * — T 

where K( 26, T p )=e p - 1 / 1 -e p 

B. hi ^continuous conduction ; The supply current waveform 

io shown in Fig. 3.7(b), This can be expressed mathematically 


as follows: 
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for 0 < t < t 


( -t/T) T 

( 1 ~m ) -f e 


on 

ft /t\t 

P (m-e on P) for t on <t£yT 


0 


for yT < t £ T 


(3.115) 


Fourier constants for this supply current function are 

obtained as follows: 
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■)) e 


° n p-e 1 _p y 
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and. 
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b s t l , = g ,I ^ cos(27in(-^))-cos2Tmy2.- 

n Till l V rr. 


r 2 2 2 

i T. +4nn 
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o x / “ (t on /T)T p 

p ^ T p .3in2Ttny+27m.cos27my e 


(3*118) 


t t 'l 

^T p . sin(2im(-| a ) )+2ira. cos(2Tm(-~ a ) ) j ] 

The rms value of nth harmonic content is obtained 
using eqns. (3*37) » (3.117) and (3.118). Since t 

for this case, so, 
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26 T 


a n = (sia2nnY-sin4itn6)+ [ e ~ YTp 


m 2 . 2 2 

Tp +4 h; n 


C -26T r 

^-Tp. c °s2unY+27cn sin27tny L-e p j -r . cos4n;n6 

+2im* sin4im6 ] 


(3.120) 


and. , 


26 Tp rj, 

b n * ( cos4TCn6~cos2Ttny)~ 2 2^ 1 e ^ P (T .sin2imy 

T +4tc n ^ p 

Jr 


- 26 T. 


+ 2nn. coa2tmy)-e ^(Tp. sin4im6+2im.cos4Ttn6) ^ (3.121) 


3.4.3 APPROACH -3 : For motoring operation S 1 is kept closed 
all the time and switch Sg is opened for t oeccuds every 
T seconds. If switch S, is open all the time and S 2 is 
operated as before, reverse regeneration is achieved. 


Motor performance analysis for motoring operation : 

A. Continuous conduction : (Ref .Fig. 3.6(a)) : Eqns. (3.42), 
(3.43), (3.45M3.48) and (3.52) are valid in this case 

also. For this case, 

t = 6T (3.122) 

on 

From eqns. (3, 47), (3. 48) and (3.122 ), normalised expressions 

for I v and I . can be written as 
max min 
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-6T 

T j ^,0 P 

max (norm) = ~ m 


1-e 
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I 


min(norm.) I 


6T 

P 

e ^ i 


- m 


e p - i 


so. 


0. K. (norm. )=0.5 


-6T -T ' — ( 1 —6 ) T 

lire _p + e P -e P) 

* - -~L 

( 1 -e” P ) 


(3.123) 


(3.124) 


(3.125) 


Substituting value of t from eqn. (3.122) to eqn. (3.52), 

normalised equation for I can be written aa 


1 


av(norm. ) 


= 6-m 


(3.126) 


Normalised torque and speed can be found out from eqns. 
(3. 18), and (3.19) and (3.126) 


B. JJi o co n t lnuous conduction : (Ref. Fig. 3.6(b)): Eqns. (3.54) to 
( 3 . 59 ), ( 3 . 61 ), ( 3 . 63 ) and (3.65) are valid in this case also. 


Substituting value of t Qn from eqn. (3.122) into (3.59), I max 

can bo written for this case, in terms of normalised 

quantities no follows 


I 


max (norm. ) 


(1 -m) . ( 1-e 



(3.127) 


no, 


(/.{<. (norm, )» O.o ^max(norm. ) 


-6T 

= 0 . 5 ( 1 -m ) ( 1 -e p ) 


(3.128) 
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Substituting value of t Qn in eqn. (3,6 1) and putting all 

quantities in normalised form. 


1 



In [ 1 



(3.129) 


From oqns. (5.63) and (3.122) normalised critical speed 

5T 

* ^>c ( n °rm. ) = -4 [ 0 ] (3.130) 

v e * - , 

On substituting value of t /T in eqn. (3.65) and writing 

1 „ in normalised form 
av 

I ?jv (norm.) = 6 - ym (3.131) 

torque and speed are calculated with help of eqns. (3.18) 

and (3.19). 


Motor performance analysis for reverse regenerative operation : 


A. C on tlnuoun condu cti on t (Ref, Fig. 3.7(a)): Eqns. (3.^8) 

to (3.73) , eqn, (3.78)2>'qn. ( 3 . 122 ) are valid here . 

Prom oqnn.0.l22),(5.72) B j?*_Wj 73 )« 

, - m - S. ,— - - P - 1 ) (3.132) 

max (norm.) i - n 


; min (norm. ) 
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| •— » 0 
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(3.133) 
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WW • / _ . 

- ( 1 -6 ) T -T -6T 

C.R. (norm.) = 0,5 ^ - — . - e P ) (5.134) 

Substituting value of t Qn from eqn. (3.122) into eqn. (3.78), 

the normalised expression of I for this case will be 

I av (norm.) = 6 - 1 + m (3.135) 

Normalised torque and speed are obtained with the help of 

eqn a , ( 3 , 10 ) and ( 5 . 19 ). 


B. U t lnuoun conduction ; (Ref. Fig. 3.7(b)): Eqns. (3.80) 
to ( 3.06 ) » ( 3* 89 ) , ( 3.92) and (3.122), are valid here too. 


Pr<*m oqna. (3,09) and (3-122) 
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max (norm. ) 
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-6T 

m . (l — e p ) 
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0 .H. (norm, ) = 0.5-m . ( 1-e p ) 


(3.136) 


(3.137) 


ubntituting value of t in eqno, (3.85) and (3.86), 


m 


from eqn. (3.122), one gets fcllowing expressions for y 


and ><J 
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(3.138) 


(3.139) 
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Substituting value of t 0Q from eqn. (3.122) into eqn. (3,92) 
* av cnn bo written for this case in the m normalised form 

a a , 


1 nv ( norm. ) = 6 - y (l-m) (3.140) 

,!!qnn. (3. 18) » (3.19) and (3.140) are used to calculate 

norma lined torque and speed. 

Ha ri'innle.t in nupply current for motoring operation 

A. O'uitin.iouo conduction : (Ref. Pig. 3.6(a)) : Mathematically 

ropri nentntivo expression for this waveform has already 

been analysed. Eqns. (3.37) and (3.94) to (3.97) are valid 

h< Tv too. Substituting value of t from eqn. (3.122) into 

un 

t.'qnn. (1.96) nnd (3.97)» one goto 
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(3.141) 
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B. un co nduction ; (Ref. Fig. 3.6(b)); This supply 

current waveform has already been analysed. Eqns. (3.37), ' 
(3.101) to (3.104) are valid in this case too. Substituting 
value of t Qn into equations (3.102) to (3.104) from (3.122), 
one? gote tol } owing eqns. for this case in particular. 

, -6T 

D.O. component = a 0 ~( 1~*n)[6 - (l-e P) ] (3.145) 

r p 
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and 




Tp 2 +4% 2 n 2 



( Tp, oin2an6 f2an, cos2itnS) J ] 


(3.147) 


Hnrmonirn In supply current for reve rse regeneration 

ww 

A. inuomt conduction (Ref. Fig. 3.7(a)) : Fourier analysis 

or the supply current waveform, expressed by eqn.(3.l08), 

rooult.j in a. 11 and t) expressed as eqnl>. (3. 109) , (3.110) 
o n n. 

mid (3.111) respectively. Substituting value of t Qn from 
cun. (3.122) into those eqns. one gets following expressions 
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where K(6,T ) 
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B , Btiicent Inuou.u conduction (Ref. Pig. 3.7(h)); Mathematically 

fchi : s uupply current waveform is expressed by eqn. (3.115). 

Kouricr rmnlynin of this eqn. results in a -a and b 

v o n n 

given by oqn.o. (3.116), (3.1 17) and (3.118) respectively. 

Bubeti luting tht value of t from eqn. (3.122) expressions 

UH 

for u , n and b specific to this case can be written 

o f n n 

no folio wu ; 

8 Ip _£IJ> 

! dc : % s ‘( Y**6) ( 1 ~m) + C.® p -e p ) (3.152) 

( -yT 

= Liziil ^ain2mnY - sia2?c&6 ) + ^ 2 + 4 TC 2 n 2 
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and 

' 6T 

t> n = (cos2itn6 - cos2ixny J. - ^|r ,. e - . [ e Y P ^T p . s^nny 

T p + 4 ■% n 

-6T Ttn 

+ 27m.cos27mY^-e * (T . sin2d+2itn coe2rm6) ] (3.154) 

3.5 Comparison between the Three different Control Approaches: 

The comparison of the three control approaches has been 
carried out both for highly inductive load as well as motor 
load. For highly inductive load ripple free load current is 
assumed and output voltage ripple and supply current ripple 
are studied. For motor load the comparison has been done for 
the following aspects. 

1. Nature of motor speed-torque characteristics 

2 . Maximum armature current ripple 

3. Harmonics in supply current 

For this study a generalised approach has been under- 
taken. All the aspects are studied in terms of the normalised 
quantities so that thereresults can be applied to any d.c. 
seperately excited motor. Number of the commutation cycles 
per output cycle is also taken as a figure of merit for the 
comparison. It gives idea of the amount of the switching 
losses. 
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The p.ii. a.c. ripple voltage at output 

vs. duty cycle has been shown in Pig. 3.3 for all the three 
approaches. It reveals that maximum a.c. ripple voltage 
at the output for APPROACH -2 and 3 is 50 percent to that in 
the APPROACH-1. If output current is assumed ripple free, 
the waveform of the supply current is similar to that of 
the output voltage. Thus APPROACH -2 and 3 will result in 
a 50 percent reduction in the input current harmonics. 



1 . Nature of motor speed-torque characteristics ; The speed 
torque characteristics for three different control approaches 
are shown in Pig. 3.8, 3.9 and 3.10. APPROACH-2 and 3, give 
similar results. Zone of discontinuous conduction is almost 
twice for APPROACH-1 in comparison to that for the 
APPROACH-2 or 3. Discontinuous conduction is undesirable as 
it slows down transient response [4] and gives poor 
regulations of speed. As normalised time period T p is 
increased, zone of discontinuous conduction becomes wider 
in all the cases. Por different values of T , change in 
ches. is observed only in the discont. conduction zone. The 
characteristics for various values of 6 are converging to point 
(0 , 1 ) for the APPROACH- 1 while they are converging to (0,1) 

\ 
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in the first quadrant and (0,0) in the fourth quadrant for 
the APPROACH-3. For the APPROACH-2 characteristics for 
6 upto 0.5 are converging to (0,0). 5 >0.5 in APPROACH-2 

gives first quadrant operation and here characteristics 
converges to the point (0,1). Por APPROACH-1, first and 
fourth quadrant operation are not distinct as they are in 
the case of the APPROACH -2 and 3. 

2. Maximum armature current ripple : (Ref. Pig.. 3.13): 

Armature current ripple is a measure of motor heating and 
commutation problems. Por the APPROACH-1 maximum current 
ripple is double to that for the APPROACH -2 and 3 and it takes 
place at 6 =0.5 where changeover from one quadrant to 
another quadrant of operation is due. For APPROACH -2 and 3 
there is no ripple at the instant of changeover. 

3- Harmonics in supply current; (Ref. Pig. 3.14.3.15 and3.l6) 

Normalised values of first, second and third harmonic 

components of supply current are drawn against the normalised 

value of I for different sets of back emf. I (norm) 
av av 

upto 0.1 is considered as it covers the range of operation of 
a mGtor. A,3 is shaft power, so corresponding to 

different values of the shaft powers, input harmonics 
variation can be observed. Similar results were obtained 
for both the APPROACH -2 and 3. Harmonic content corresponding 
to a particular shaft power is more for APPROACH-1. 
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First harmonic content reduces as, speed increases 
in forward or reverse direction depending upon quadrant of 
operation for APPRO ACH- 1 . For higher values of speeds 
. harmonic content for APPROACH- 1 is comparable to that 
for APPROACH -2 and 3. Per APPROACH -2 and 3 first harmonic 
in supply current is maximum for mid-range of speeds but 
still it is quite low in comparison to that corresponding to 
the APPRO ACH-1. 

Similarly second harmonic and third harmonic contents 
for all the three approaches are compared, APPROACH- 1 has 
disadvantage of higher harmonic contents. Chough for higher 
speed range in the first quadrant it gives comparable 
performance to that for the APPROACH-2 and 3. 

Input current harmonics are undesirable b ecause they 

interfere with the communication and other loads connected 

component 

to the same supply. Third harmoni c^spe daily becomes 
important from later consideration. If input voltage V is 
Sh^aioed from an ac source through a rectificer there is a 
further posib ill 'fgrwf Obtaining best frequencies in 
source current i . It is seen from 'Fig. 3.17 that 
APPROACH-2 and 3 gives better result in comparison "to " . - 
APPRO ACH-1 . 
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4. Switching losses ; Number of commutation cycles per 
output cycle gives an idea of the constraints over maximum 
APPROACH- 1 has two commutations per output cycle while 
APPROACH-2 and 3 have one. 

3. 6 Conclusion; 

1. APPROACH-2 and 3 give similar performance. For 

same output frequency, the frequency of operation of switches 
is half for APPROACH-2 while it is the same for APPROACH-1 and 
3. So switching losses will be less for APPROA.CH-2. 

2. costwise APPROACH-3 is attractive, as is an 
ordinary switch. 


3. For a ripple free load current, p.u. input current 
ripple for APPROA.CH-2 and 3 is just 50 percent of that 
for the APPR0A.CH-1 . So use of APPROA.CH-2 and 3 reduces the 
size of the filter at the input terminals. 

4-. APPROA.CH-2 and 3 is preferable from the consideration 
of good speed regulation and faster transient response. 
Higher the value of T , wider is the zone of discontinuous 

Jr 

conduction. So high frequency operation should be 
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preferred. As the output frequency is double the switching 
frequency for APPROACH -2, one can obtain narrow zone of 
discontinuous conduction easily by opting for this 
approach . 

5 « A.C, ripple in armature current is reduced to 50 
percent for APPROACH-2 and 3 as compared to APPROACH-1. 

Use of APPROACH-1 will result in more derating of motor 
and considerable reduction in its efficiency.' 

i£ . For the same output frequency, more switching loss 
will occur in APPROACH-1. 

£ . For APPROACH-1 input harmonic is considerably higher 
in comparison to APPROACH-2 and 3. These harmonics can 
interfere with communication system present around and 
other loadnsrfceiBg .fed by the same supply. 

g , Boundaries between continuous and -discont inuous 
conduction have been drawn for different values of T , 

This is done to facilitate design of filter. 



CHAPTER 4 


CONCLUSIONS 

The proposed two quadrant chopper with simultaneous 
control has the advantages of lower trapped energy, increased 
reliability, lower weight and less cost. No special sequence 
is required for the charging of capacitor, and there is no 
piling up of the energy. A spurious trigger on the blocking 
thyristor is self-healing. Both the thyristors can be 
turned off simultaneously by removing the gate pulses to 
them. 

The performance of the chopper circuit fabricated has 
been found satisfactory. The oscillograms of the voltage and 
current waveforms reveal that only the load voltage and current 
waveforms show a deviation from the theoritically obtained 
nature. This deviation can be attributed to the effect of 
brush drops, armature reaction and the fact that the 
saturable reactors and 1 2 do not offer negligible inductance 
under saturation, as assumed. The torque-speed characteristic 
has been drawn for the motor fed by this chopper in p.u. 
quantities. The experimental re sul Is deviate from the 
theoritical characteristic. This is probably because of the 
assumptions taken about the nature of the saturable reactors 
for the simplicity of analysis. It is confirmed from the 
oscillograms of the voltage and current waveforms and the 
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torque-speed characteristic obtained experimentally that 
the discontinuous conduction is not present. So fast 
transient response and good speed regulations are obtainable 
at all loads. Even better results can be obtained if 
saturable reactors and Lg are designed more carefully. 
This chopper circuit has been tested for a frequency range 
of 200 to 600 Hz and the performance is found satisfactory. 
Such a high frequency of operation is usually not possible 
with dual chopper circuits. 

The advantages in terms of lower trapped energy, 
reliable commutation with self healing capability, absence 
of discontinuous conduction, higher available frequency 
of operation, low weight and low cost make this circuit 
very attractive for the mainline traction and battery, 
operated vehicle applications. 

The following important conclusion can be drawn 
from the comparative study of two quadrant choppers capable 
^giving positive current and voltage in either direction: 

1. For a' highly inductive load, APPROACH-2 and 3 
are found better than APPROACH- 1 as they result in 50 
percent reduction in input current ripple and the output 
voltage ripple. 
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2. For a motor load also, APPROACH-2 and 3 maintain 
their superiority over APPROACH- 1 . They result in 

50 percent armature current ripple (maximum value), 
compared to the later. 

3. Area of discontinuous conduction is almost 50 

percent for the APPROACH-2 and 3 compared to • APPROACH- 1 . 

So, better speed regulation and faster transient response 
are obtained in the former cases. 

4. Humber of commutation cycles per output cycle 
is two for APPROACH-1 and one for the other two cases. 

So switching losses are more in the foimer case. 

5. Input current harmonics are less for APPROACH-2 
and 3 compared to APPROACH-1 . In higher speed range 
APPROACH- 1 gives performance comparable to APPROACH-2 and 3. 
If further reduction in harmonics is necessary a cheaper 
filter will be required in the case of APPRQA.CH-2 and 3. 

6. For APPROACH-2, input frequency is half of the 
output frequency, while it is the same in other two cases. 

So for the same output frequency, the switching losses 
are minimum in this case. 

7. Cost is the lowest for APPROACH-3, as switch 
S.j is realised by an ordinary switch. 



APPENDIX A 


Details of dc separately excited motor used 


Bated voltage 

220V 

Rated current 

1 1 . 6A 

Rated speed 

1 500 rpm 

Armature resistance 

2.08 SL 

Armature inductance 

51.4 mH 

Back emf constant Ky 

1. 11 

Torque constant 

1.11 


APPENDIX B 

Details of components used in the developed chopper 


Thyristors 

Diodes 


C 

Q 

T 

Saturable chokes 
L.j and L 2 


T12E1000 (inverter grade), 2 5A, 1000V 
D^ and D 4 - 6SM15 

D 1 and D 2 - EC1006, 6A,1000V> 

8 \lF 

120 m 

50 

0.0025 sec. 

75 mH, CRG0 grade 51»T-3 stampings 
are used. 
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